; Smeyne and Goldowitz, 1989); Purkinje Departments of Physiology and Biochemistry cells are also reduced in number, found in ectopic posiUniversity of California, San Francisco tions, and have abnormal morphology (Bradley and San Francisco, California 94143-0724 Berry, 1978; Goldowitz and Mullen, 1982; Herrup and † Department of Genetics Trenkner, 1987; Smeyne and Goldowitz, 1990). In the Stanford University School of Medicine adult wv/wv substantia nigra, many of the dopaminergic Stanford, California 94305-5120 neurons have impaired function or have died, leading to decreases in striatal dopamine content, dopamine uptake, and tyrosine hydroxylase activity (Goldowitz and Summary Mullen, 1982; Schmidt et al., 1982; Roffler-Tarlov and Graybiel, 1984; Gupta et al., 1987; Triarhou et al., 1988; The weaver mutation corresponds to a substitution of Graybiel et al., 1990; Roffler-Tarlov et al., 1990 ; Ghetti glycine to serine in the H5 region of a G protein-gated and Triarhou, 1992; Richter et al., 1992; Simon et al., inwardly rectifying K ؉ channel gene (GIRK2). By study-1994). While most of these mutant phenotypes are seen ing mutant GIRK2 weaver homomultimeric channels only in homozygous wv/wv mice, the cerebellum of hetand heteromultimeric channels comprised of GIRK2 erozygous wv/ϩ mice is also affected by the wv mutaweaver and GIRK1 in Xenopus oocytes, we found that tion, though to a lesser degree (Rezai and Yoon, 1972; GIRK2 weaver homomultimeric channels lose their se- Rakic and Sidman, 1973b; Goldowitz and Mullen, 1982 ; lectivity for K ؉ ions, giving rise to inappropriate recep- Goldowitz, 1989) . The mechanism by which a single tor-activated and basally active Na ؉ currents, whereas mutation in GIRK2 channels affects a variety of cells in heteromultimers of GIRK2 weaver and GIRK1 apapparently different ways in the wv mouse is not known. peared to have reduced current. ImmunohistochemiTo understand how the mutant GIRK2 channels are cal localization indicates that GIRK2 and GIRK1 proinvolved in the expression of the wv phenotype, we have teins are expressed in the cerebellar neurons of mice examined the effect of the wv mutation on the function at postnatal day 4, at a time when these neurons norof GIRK2 wv homomultimers and of heteromultimeric mally undergo differentiation. Thus, the aberrant bechannels composed of GIRK2 wv and GIRK1 expressed havior of mutant GIRK2 weaver channels could affect in Xenopus laevis oocytes. GIRK2 wv channels contain the development of weaver mice in at least two distinct a glycine to serine substitution (G156S) in a region of ways.
Introduction
. The equivalent mutation in voltage-gated K ϩ channels eliminates G protein-gated inwardly rectifying K ϩ channels are regselectivity for K ϩ ions (Heginbotham et al., 1994) . Thus, ulated by neurotransmitters and determine neuronal the G156S mutation in GIRK2 homomultimers could alter membrane excitability by selectively permitting the flux the selectivity of the channel for ions; however, the mutaof K ϩ ions near the resting membrane potential of the tion might also affect G protein activation, ion conduccell, but not at more depolarized potentials. Although tion, or both. Moreover, the effect of the H5 mutation neuronal excitability is an important factor in shaping might change in the context of heteromultimeric chanthe development of the nervous system (for reviews, nels. GIRK2 (Lesage et al., 1994; Bond et al., 1995; Tsaur see Scheetz and Constantine-Paton, 1994; Wong, 1995 Wong, ), et al., 1995 is a member of an expanding family of G the role of inwardly rectifying K ϩ channels during develprotein-gated inward rectifiers (GIRK1-GIRK5) that have opment is not well understood. Recently, a mutation in been shown to form heteromultimers in in vitro expresa G protein-gated inwardly rectifying K ϩ channel gene sion systems as well as in heart and brain tissues (Duprat (GIRK2) has been identified in the weaver (wv) mouse et al., 1995; Kofuji et al., 1995; Krapivinsky et al., 1995; (Patil et al., 1995) , implicating the activity of G protein- Lesage et al., 1995; Hedin et al., 1996 [this issue of gated inwardly rectifying K ϩ channels in neuronal develNeuron]; Y. J. L. et al., submitted). We chose to examine opment.
the effect of wv mutation on heteromultimeric channels The wv mouse displays numerous neurological and composed of GIRK1 with GIRK2 wv since, of the four reproductive defects during postnatal development and cloned mammalian GIRK channels, GIRK1 is expressed is characterized behaviorally by ataxia, hyperactivity, in the brain (Dascal et al., 1993; Kubo et al., 1993 ; DePaoli and a tremor (Sidman et al., 1965; Rakic and Sidman, et al., 1994; Karschin et al., 1994; Kobayashi et al., 1995 Kobayashi et al., ) 1973a Kobayashi et al., , 1973b . These behavioral changes are associand is known to form functional heteromultimers with ated with the selective loss of neurons in two regions GIRK2 (Duprat et al., 1995; Kofuji et al., 1995;  Lesage of the wv/wv brain: the cerebellum and substantia nigra. et al., 1995) . GIRK3 is also expressed in the brain (Lesage In the cerebellum, the granule cell neurons fail to differet al., 1994) and has been reported to suppress the entiate and extend neurites (Goldowitz and Mullen, expression of GIRK2 current when both are coexpressed in oocytes (Kofuji et al., 1995) . However, this 1982; Hatten et al., 1984; Goldowitz, 1989 ; Smeyne and effect has not been detected in other studies (Duprat ␥2 subunits (G ␤␥ ). Under these conditions, the high expression levels of G ␤␥ lead to constitutive channel activaet al., 1995; Lesage et al., 1995) . In addition to studying the effect of the wv mutation on channel function, we tion by G ␤␥ independent of m2 receptor stimulation, resulting in G ␤␥ -activated inwardly rectifying GIRK1 have also examined the temporal and spatial expression of GIRK2 and GIRK1 proteins immunohistochemically currents Lim et al., 1995) . The coexpression of GIRK2 wv ‫5ف(‬ ng of cRNA) with GIRK1 to see whether GIRK2 and GIRK1 channels are expressed at the appropriate time and place to play a role ‫5ف(‬ ng) and G ␤␥ reduced the basal currents at Ϫ100 mV to 22% (N ϭ 7) of the current recorded from oocytes in the ontogeny of the cerebellum.
expressing GIRK1 (5 ng) and G ␤␥ (N ϭ 6). Thus, the reduced inward K ϩ currents observed in oocytes coexResults pressing GIRK2 wv and GIRK1 was likely due to disruption of channel functions other than the coupling to the Suppression of GIRK1 Currents m2 receptor. by Low Levels of GIRK2 wv In summary, these experiments suggest that low levTo examine the effect of the wv mutation on GIRK2 els of GIRK2 or GIRK2 wv expression led to heteromulfunction, we coexpressed the muscarinic acetylcholine timer formation with GIRK1, altering the current levels receptor (m2) with GIRK1, GIRK2, or GIRK2 containing as compared with oocytes expressing only GIRK1. the G156S mutation (GIRK2 wv) in Xenopus oocytes Whereas the formation of heteromeric channels of wildand measured the current induced by the muscarinic type GIRK2 and GIRK1 caused an increase in current receptor agonist carbachol. We initially used the fulllevels, the formation of mutant heteromeric channels length cDNA sequence for mouse GIRK2 (Patil et al., resulted in decreased inward K ϩ currents. 1995) and found that oocytes injected with cRNA for GIRK2 displayed little or no carbachol-induced current (see legend to Figure 1 ), in contrast with previous reports GIRK2 wv Homomultimers Lose K ؉ Selectivity demonstrating the G protein activation of GIRK2 in oocytes (Lesage et al., 1994; Duprat et al., 1995; Kofuji et High levels of GIRK2 expression, comparable to those attained by alterations of the presumed translation initiaal., 1995) . Small inwardly rectifying basal K ϩ currents and carbachol-induced K ϩ currents were found in ootion site of GIRK2 (Lesage et al., 1994; Kofuji et al., 1995) , were obtained by deleting the 5Ј noncoding sequence cytes expressing m2 receptor and GIRK1 ( Figure 1A) , indicating that endogenous G proteins were sufficient and the sequence coding for the first nine amino acids of the predicted GIRK2 protein sequence (⌬9-GIRK2). to sustain G protein activation. Moreover, the coexpression of GIRK1 with GIRK2 and the m2 receptor led to
The channel properties of ⌬9-GIRK2, including inward rectification, agonist-independent basal K ϩ current, acagonist-independent basal currents and carbachol-induced currents ( Figures 1C-1E ), which were 332% and tivation via muscarinic receptor stimulation, and the ability to coassemble with GIRK1 ( Figure 2A ), were indistin-170%, respectively, of the currents recorded in oocytes expressing only GIRK1 and the m2 receptor (Figures 1A, guishable from those reported for other full-length GIRK2 constructs (Lesage et al., 1994; Duprat et al., 1D, and 1E) , similar to previous reports (Duprat et al., 1995; Kofuji et al., 1995) . These results suggest that 1995; Kofuji et al., 1995) , indicating that the channel properties were not altered by this N-terminal deletion. GIRK2 was expressed at levels that were sufficient to form heteromultimers with GIRK1 but were insufficient
The elevated levels of expression for the ⌬9-GIRK2 construct appear to be primarily due to an increase in protein to yield detectable current through homomultimers of GIRK2. Indeed, Western blot analysis of oocyte memproduction, because Western blot analysis of oocyte membranes revealed a greater abundance of GIRK2 probranes revealed a much reduced level of GIRK2 protein in these oocytes as compared with oocytes that were tein in oocytes expressing ⌬9-GIRK2 than those expressing GIRK2 (see Figure 1F ). injected with cRNA for other GIRK2 constructs and gave rise to detectable homomeric currents ( Figure 1F ). Thus, Expression of mutant ⌬9-GIRK2 wv led to large agonist-independent currents ( Figure 2B ) and the death of the construct of GIRK2 that expressed at low levels permitted an analysis of the effect of the wv mutation oocytes 1 day following the cRNA injection, while oocytes from the same batch survived for at least 3 weeks on the heteromultimers of GIRK2 and GIRK1, but not on GIRK2 homomultimers.
following the injection of wild-type ⌬9-GIRK2 cRNA. Similar results were obtained when full-length GIRK2 wv To examine the effect of the wv mutation on heteromultimers of GIRK2 and GIRK1, we coexpressed the m2 was subcloned into the same high expression vector used by Lesage et al. (1994) . Prior to the demise of receptor with GIRK1 plus GIRK2 wv. In contrast with the potentiation of basal currents and carbachol-induced oocytes expressing ⌬9-GIRK2 wv, the currents did not rectify as strongly as those recorded from oocytes excurrents produced by coexpression of GIRK2 with GIRK1, the coexpression of GIRK2 wv with GIRK1 repressing ⌬9-GIRK2 and displayed large agonist-independent basal currents that were not activated further duced the amplitude of basal and carbachol-induced currents at Ϫ100 mV to 60% and 51%, respectively, of by muscarinic stimulation ( Figure 2B ). The expression of wild-type ⌬9-GIRK2 channels in oocytes also generated the currents in oocytes expressing GIRK1 alone and the m2 receptor ( Figures 1B, 1D , and 1E). To determine large agonist-independent currents, but these wild-type ⌬9-GIRK2 currents were consistently activated further whether the wv mutation interfered with the coupling of channels with the m2 receptor, we coexpressed the following carbachol stimulation; the ratio of "induced" to "basal" current was 1.32 Ϯ 0.47 (N ϭ 8), where a channel cRNA with the cRNA for the G protein ␤ 1 and Figure 1 . Coexpressing Low Levels of GIRK2 wv, but Not GIRK2, with GIRK1 Leads to Smaller Inward Currents than Oocytes Expressing GIRK1 Alone (A-E) Macroscopic currents recorded by twoelectrode voltage-clamp from oocytes injected with cRNA for m2 muscarinic receptor and GIRK1, GIRK2, GIRK2 wv, GIRK1 plus GIRK2, or GIRK1 plus GIRK2 wv. Approximately 5 ng of each GIRK channel cRNA and 0.2 ng of m2 receptor cRNA were injected. Little or no detectable carbachol-induced currents were recorded from oocytes injected with m2 receptor cRNA and either GIRK2 or GIRK2 wv cRNA construct that contained the 5Ј and 3Ј noncoding regions (data not shown; N ϭ 10). (A-C) A series of current traces elicited by voltage pulses from Ϫ100 to ϩ50 mV (10 mV increments) in the absence (basal) and then presence (ϩcarb) of 3 M carbachol in a 90 mM K ϩ solution. Whereas coexpression of GIRK2 with GIRK1 led to enhanced basal (agonist-independent) and carbachol-induced currents (C), the coexpression of GIRK2 wv with GIRK1 led to smaller basal and carbachol-induced currents (B) than oocytes expressing only GIRK1 (A). The corresponding current-voltage relations are shown to the right. The small outward current indicates strong inward rectification (solid line indicates zero current level). The holding potential was Ϫ80 mV. (D and E) Current-voltage relations show the average agonist-independent basal currents following leak subtraction (D) and the carbachol-induced currents (E) for one set of oocyte injections (Ϯ SEM, N ϭ 10-11). Asterisk shows statistically significant differences from GIRK1. In four separate sets of oocyte injections, coexpression of GIRK2 wv with GIRK1 reduced the carbachol-induced current at Ϫ100 mV to 26% Ϯ 11% (mean Ϯ SEM) of the current measured in oocytes expressing only GIRK1.
(F) Western blotting shows levels of GIRK2 protein in rat cortex membranes, membranes from oocytes injected with GIRK2 cRNA, membranes from oocytes injected with GIRK2 wv cRNA, and membranes from oocytes injected with ⌬9-GIRK2 cRNA (same set of oocyte injections as [A]-[E]). Bar indicates size of protein in kilodaltons (see Y. J. L. et al., submitted). GIRK2 protein was also detected by Western blot analysis of membranes from oocytes injected with cRNA for full-length GIRK2 subcloned into a high expression vector.
value of zero indicates no induction. Oocytes injected ⌬9-GIRK2 wv channels showed inward rectification (Figure 3D) . with a lower amount of ⌬9-GIRK2 wv cRNA (less than 170 pg of cRNA), however, remained viable for over
To characterize the change in ionic selectivity further, we measured the membrane potential at which there 1 week following the cRNA injection and gave rise to agonist-independent basal currents and carbachol-inwas no net flow of current (reversal potential) when channels were exposed to external solutions containing duced currents ( Figure 2C ).
Because the glycine to serine substitution at the different monovalent cations. Figures 4A and 4C show a series of agonist-independent basal currents recorded equivalent position in Shaker K ϩ channels abolishes K ϩ selectivity (Heginbotham et al., 1994) , we asked whether from oocytes expressing GIRK2 or GIRK2 wv channels in extracellular solutions containing 90 mM K ϩ , Na ϩ , or the wv mutation also affected ionic selectivity. We first examined Na ϩ permeation by measuring the inward curthe organic ion N-methyl-D-glucamine (NMDG). In these experiments, we used the full-length GIRK2 and GIRK2 rents in an extracellular solution containing 90 mM Na ϩ in the absence and then in the presence of carbachol.
wv channels subcloned into a high expression vector containing the 5Ј and 3Ј untranslated sequences for Oocytes expressing wild-type ⌬9-GIRK2 channels displayed large agonist-independent basal and carbacholXenopus ␤-globin gene (see Experimental Procedures) as well as ⌬9-GIRK2 wv. Because the inward current induced currents in 90 mM K ϩ but not in 90 mM Na ϩ ( Figure 3A ). By contrast, both the basal currents and carried by Na ϩ or NMDG in oocytes expressing GIRK2 channels was indistinguishable from the leakage curthe agonist-induced currents in oocytes expressing ⌬9-GIRK2 wv channels could be carried by either K ϩ or Na ϩ rent, it was not possible to measure the reversal potential for GIRK2 channels in these solutions ( Figure 4B ). ions ( Figure 3B ). Although not rectifying as strongly as ⌬9-GIRK2 ( Figure 3C ), both K ϩ and Na ϩ currents through This indicates that the wild-type GIRK2 channels are current. Based on the change in reversal potential relative to that of K ϩ , we calculated the relative permeability ratio for Na ϩ , Rb ϩ , and Cs ϩ ions. P Na /P K was 0.78 Ϯ 0.03 (N ϭ 16), P Rb /P K was 0.75 Ϯ 0.04 (N ϭ 6), and P Cs /P K was 0.87 Ϯ 0.02 (N ϭ 13) for GIRK2 wv channels. Similarly, P Na /P K was 0.68 Ϯ 0.04 (N ϭ 12) for ⌬9-GIRK2 wv channels. Thus, the G156S mutation in H5 alters the K ϩ selectivity of GIRK2 wv homomultimers, similar to the change in selectivity observed for the equivalent mutation in the H5 of a voltage-gated K ϩ channel (Heginbotham et al., 1994) .
Suppression of ⌬9-GIRK2 wv Currents by GIRK1
Having found that coexpression of GIRK1 and low levels of GIRK2 wv led to reduced currents compared with those due to GIRK1 expression, we wanted to examine the effect of coexpressing higher, but not toxic, levels of GIRK2 wv with GIRK1. Because oocytes injected with presence (ϩcarb) of 3 M carbachol in a 90 mM K ϩ solution. Holding potential was Ϫ80 mV, except for GIRK1 plus ⌬9-GIRK2 (-50 mV).
Similar to previous results (Kofuji et al., 1995) , we (A) Oocytes injected with cRNA for m2 muscarinic receptor ‫2.0ف(‬ found that the carbachol-induced currents through ng) and ⌬9-GIRK2 ‫5ف(‬ ng), or ⌬9-GIRK2 ‫5ف(‬ ng) with GIRK1 ‫5ف(‬ GIRK1 channels activated slowly upon hyperpolarizang).
tion, whereas those of ⌬9-GIRK2 activated rapidly (Fig-(B) Expression of ⌬9-GIRK2 wv ‫071ف(‬ pg) leads to large agonisture 5). Mutant ⌬9-GIRK2 wv channels also gave rise to independent basal currents that show little or no enhancement folcarbachol-induced currents that activated rapidly upon lowing m2 muscarinic stimulation and accelerated death of oocytes. (C) Expression of a low concentration of ⌬9-GIRK2 wv ‫05ف(‬ pg) hyperpolarization, regardless of whether Na ϩ or K ϩ carcRNA produces currents that resemble those of ⌬9-GIRK2.
ried the current ( Figure 5 ). By contrast, the carbacholinduced currents recorded from oocytes coexpressing both ⌬9-GIRK2 wv and GIRK1 contained a slowly activating component only when K ϩ carried the current; highly selective for K ϩ ions (see Lesage et al., 1994) . By contrast, GIRK2 wv channels or ⌬9-GIRK2 wv channels these currents activated rapidly when Na ϩ carried the current ( Figure 5 ). The rates of activation upon hyperpoallowed both Na ϩ and K ϩ ions to permeate, but were impermeable to NMDG ( Figures 4C and 4D , but see larization for the K ϩ current recorded in oocytes coexpressing GIRK1 and ⌬9-GIRK2 wv, or GIRK1 and ⌬9-legend to Figure 4 ). GIRK2 wv channels still showed inward rectification even when Na ϩ carried the basal GIRK2 were similar to those of oocytes expressing only (A and C) Agonist-independent basal currents recorded from oocytes expressing GIRK2 ‫1ف(‬ ng) or GIRK2 wv ‫05ف(‬ pg) bathed in an external solution containing 90 mM K ϩ , Na ϩ , or NMDG. Currents were elicited by voltage pulses from Ϫ150 to ϩ50 mV in 10 mV increments. For these experiments, we used the full-length GIRK2 in a high expression vector construct and the ⌬9-GIRK2 construct (see Experimental Procedures). (B and D) Current-voltage relations measured from traces shown in (A) and (C). The inward currents recorded in Na ϩ and NMDG solutions in oocytes expressing GIRK2 were indistinguishable from the leakage current. By contrast, GIRK2 wv allows Na ϩ but little NMDG to permeate the channel. Because the concentration of intracellular K ϩ was not known, we measured the change in reversal potential for GIRK2 wv channels in Na ϩ , Rb ϩ , and Cs ϩ solutions relative to that of the K ϩ solution. The ⌬Erev was Ϫ6.4 Ϯ 0.9 mV (N ϭ 16) for Na ϩ , was Ϫ7.3 Ϯ 1.3 mV (N ϭ 6) for Rb ϩ , and was Ϫ3.5 Ϯ 0.7 mV for Cs ϩ (N ϭ 13). The permeability ratios are given in the Results. Even greater alteration in ionic selectivity was observed in some batches of oocytes expressing ⌬9-GIRK2 wv channels, in which some NMDG was found to pass through the channel (P NMDG/PK ϭ 0.08 Ϯ 0.02, N ϭ 7), but in these oocytes the currents carried by K ϩ , Na ϩ , or NMDG all displayed weak rectification.
GIRK1 (see legend to Figure 5 ). Thus, we could not (see Figure 1) , the coexpression of GIRK1 with intermediate levels of ⌬9-GIRK2 wv gave rise to carbacholuse kinetic properties as a criterion for the detection of heteromeric channels as reported previously by Kofuji induced K ϩ currents of similar amplitude to those from oocytes expressing only GIRK1 ( Figure 6B ). However, et al. (1995) . Nonetheless, unless the activation rates depend on the type of permeant cation, the difference oocytes coexpressing ⌬9-GIRK2 wv and GIRK1 also showed carbachol-induced Na ϩ currents, indicating that in activation rates for the inward current carried by K ϩ versus Na ϩ ions is indicative of at least two distinct ⌬9-GIRK2 wv homomultimers and any GIRK1-⌬9-GIRK2 wv heteromultimers that activate rapidly and are permepopulations of channels in oocytes coexpressing GIRK1 and ⌬9-GIRK2 wv: channels that appear more like GIRK1 able to Na ϩ were present in these oocytes. Thus, the K ϩ current recorded from oocytes coexpressing GIRK1 and and channels that appear more like ⌬9-GIRK2 wv.
Although coexpression of low levels of ⌬9-GIRK2 wv GIRK2 wv may be comprised of current through GIRK1 channels, ⌬9-GIRK2 wv channels, and GIRK1-⌬9-GIRK2 with GIRK1 led to smaller carbachol-induced currents Figure 5 . Oocytes Coexpressing Intermediate Levels of GIRK2 wv and GIRK1 Display Carbachol-Induced K ϩ as Well as Na ϩ Currents Oocytes were injected with cRNA for m2 muscarinic receptor and GIRK1 ‫5ف(‬ ng), ⌬9-
Traces show the carbachol-induced currents obtained by subtracting the basal current (no agonist) from the current recorded in the presence of carbachol contained in K ϩ (top) or Na ϩ (bottom) external solution. Currents were elicited by voltage steps from Ϫ100 to ϩ40 mV (20 mV increments) from a holding potential of 0 mV. The carbachol-induced K ϩ currents activate rapidly upon hyperpolarization to negative membrane potentials in oocytes expressing ⌬9-GIRK2 or ⌬9-GIRK2 wv channels but contained components that activate sl owly in oocytes coex pressing ⌬9-GIRK2 and GIRK1, coexpressing ⌬9-GIRK2 wv and GIRK1, or expressing GIRK1 alone. By contrast, the carbachol-induced Na ϩ currents activate rapidly in oocytes coexpressing GIRK1 and ⌬9-GIRK2 wv. The relaxation of K ϩ current at Ϫ100 mV was well fit by the sum of two exponentials having time constants of 1 ϭ 71 Ϯ 7 ms and 2 ϭ 419 Ϯ 18 ms (A1/A2 ϭ 0.8 Ϯ 0.1, N ϭ 8) for GIRK1, 1 ϭ 73 Ϯ 6 ms and 2 ϭ 425 Ϯ 19 ms (A 1/A2 ϭ 2.1 Ϯ 0.3, N ϭ 12) for GIRK1 and ⌬9-GIRK2, and 1 ϭ 75 Ϯ 3 ms and 2 ϭ 557 Ϯ 40 ms (A1/A2 ϭ 1.5 Ϯ 0.3, N ϭ 5) for GIRK1 and ⌬9-GIRK2 wv. Scale bar is 0.4 A for GIRK1, ⌬9-GIRK2 wv, and ⌬9-GIRK2 wv plus GIRK1; 0.6 A for ⌬9-GIRK2 plus GIRK1; 0.8 A for ⌬9-GIRK2.
GIRK1 proteins in the postnatal mouse cerebellum. Using polyclonal antibodies directed against peptide epitopes of GIRK1 and GIRK2 (Y. J. L. et al., submitted), we found that GIRK1 and GIRK2 are expressed in the cerebellum as early as postnatal day 3 (PD3) and continue to be expressed throughout the postnatal period to adulthood. Both GIRK1 and GIRK2 proteins were detected in the granule cells located in the external granule cell layer (EGL) as well as in the newly forming internal granule cell layer (IGL) in PD4 (Figures 7A-7D ) and PD7 ( Figures 7E-7H ) cerebellum. The EGL appeared to be more heavily stained than the nascent IGL in PD4 and PD7 mice, probably owing to the high density of granule cells in the EGL at these ages ( Figures 7C, 7D, 7G , and 7H). In the adult mouse cerebellum, we detected both GIRK2 and GIRK1 proteins in the IGL (Figures 7I and  7J ) and low to background levels of GIRK1 and GIRK2 in the molecular layer ( Figures 7K and 7L ). Control experiments with no primary antibody incubation showed only background staining ( Figure 7M ). The expression patterns for GIRK2 and GIRK1 protein in adult mouse cerebellum are similar to those reported for expression in adult rat cerebellum (Y. J. L. et al., submitted). Thus, GIRK1 and GIRK2 are expressed in granule cells during body and apical dendrites of the Purkinje cells showed significance for the differences between the K ϩ and Na ϩ currents in staining for GIRK2 ( Figures 7N and 7O ). Because GIRK2 oocytes expressing GIRK2 wv versus those in oocytes coexpressing staining diminishes to background levels in the adult GIRK1 plus GIRK2 wv.
( Figure 7P ) and little GIRK2 mRNA is detected in adult Purkinje cells in situ (Kobayashi et al., 1995) , GIRK2 may wv heteromultimers. Although the carbachol-induced be developmentally regulated. Interestingly, Purkinje Na ϩ currents in oocytes coexpressing GIRK2 wv and cells are also affected by the wv mutation (Bradley and GIRK1 tended to be smaller than those in oocytes ex- Berry, 1978; Goldowitz and Mullen, 1982 ; Herrup and pressing ⌬9-GIRK2 wv alone ( Figure 6B ), the coexpresTrenkner, 1987; Smeyne and Goldowitz, 1990) . The pression of GIRK1 with ⌬9-GIRK2 wv significantly decreased ence of GIRK2 in young Purkinje cells is consistent with the amplitude of the agonist-independent basal Na ϩ as a direct action of the wv mutation in these neurons well as K ϩ currents ( Figure 6A ). (Smeyne and Goldowitz, 1990 ). In summary, whereas coexpression of ⌬9-GIRK2 and GIRK1 channels led to enhanced agonist-independent Discussion basal and carbachol-induced K ϩ currents (see Figure  2) , coexpressing GIRK1 and intermediate levels of ⌬9-Utilizing the Xenopus oocyte heterologous expression GIRK2 wv generated basal currents and carbacholsystem to study the effect of the wv mutation on GIRK2 induced currents that were smaller than the sum of the function, we have found that the G156S mutation results currents recorded from oocytes expressing GIRK1 in pleiotropic functional effects depending on the exchannels and oocytes expressing GIRK2 wv channels pression levels and the relative abundance of different ( Figure 6 ). Moreover, the currents recorded from oocytes GIRK subunits. Under conditions in which the GIRK2 wv coexpressing GIRK1 and ⌬9-GIRK2 wv channels could protein is expressed at low levels relative to GIRK1, the be carried by both K ϩ and Na ϩ ions and could be acmutant protein may coassemble with GIRK1 and form counted for as the sum of current through GIRK1 chanheteromultimers with reduced channel activity, thereby nels, ⌬9-GIRK2 wv homomultimers, and possibly decreasing inward K ϩ current and possibly leading to a GIRK1-⌬9-GIRK2 wv heteromultimers.
phenotype of reduced function. At intermediate levels of expression, GIRK2 wv proteins form functional homoExpression of GIRK1 and GIRK2 Proteins multimers that display aberrant G protein-activated Na ϩ in Developing Mouse Cerebellum currents. At high levels of expression, the large basal Because the wv mutation affects the developing cereactivities of GIRK2 wv channels may cause chronic depolarization, due to an inwardly rectifying Na ϩ current, bellum, we examined the expression of GIRK2 and and promote cell death. These detrimental effects could GIRK2 and GIRK1 proteins are detected in cerebellar granule cells at early stages of postnatal development be partially ameliorated if sufficient GIRK1 proteins were available to coassemble with the mutant proteins, and, therefore, could play a role in the differentiation of these neurons. thereby reducing the amplitude of Na ϩ current. Both
Reduced Activity of GIRK1 and GIRK2 wv GIRK2 removes K ϩ selectivity, indicating that the H5 region of inwardly rectifying K ϩ channels also contribHeteromultimers The coexpression of GIRK2 with GIRK1 leads to agonistutes to the ionic selectivity of these channels. In a comprehensive study of H5 mutations in the voltage-gated independent basal as well as carbachol-induced currents that are larger than the sum of currents recorded Shaker K ϩ channel, Heginbotham et al. (1994) found mutations in different parts of the H5 segment of Shaker from oocytes expressing GIRK1 or GIRK2 alone, indicating that GIRK1 and GIRK2 form functional heteromulti-K ϩ channels fall into two groups; mutant channels either retain their high K ϩ selectivity or lose all selectivity for mers in oocytes (this study; Duprat et al., 1995; Kofuji et al., 1995) . In contrast with the potentiation of current monovalent cations. One possible explanation for this bimodal distribution of mutant phenotypes is that those by GIRK2, the coexpression of GIRK2 wv with GIRK1 resulted in currents that were smaller than the sum of mutations that eliminate ionic selectivity also produce significant changes of the pore structure, making it uncurrents from oocytes expressing GIRK1 and currents from oocytes expressing GIRK2 wv. Whereas GIRK2 likely to have intermediate phenotypes of reduced but not abolished K ϩ selectivity. If the G156S mutation in channels appear to form functional homomultimers in oocytes, the expression of GIRK1 alone in oocytes re-GIRK2 indeed causes a fairly drastic alteration of the homomeric GIRK2 channel, it is conceivable that juxtaquires an endogenous subunit (XIR or GIRK5) that coassembles with GIRK1 to form functional channels (Hedin posing GIRK2 wv mutant subunits with GIRK1 subunits results in a nonconducting or poorly conducting chanet al., 1996) . Thus, it is conceivable that GIRK2 wv channels compete with the endogenous subunit GIRK5 for nel, rendering the heteromultimers functionally impaired and leading to reduced currents. coassembly with GIRK1, thereby reducing G proteingated inward K ϩ current. However, as the mutation in H5 is the only difference between the GIRK2 wv and the Potential Implications of Mutant GIRK2 wv wild-type GIRK2 channels, the simplest explanation for Channel Properties during Development this result is that GIRK2 wv coassembles with GIRK1 GIRK channels comprise a family of G protein-gated and forms heteromultimers that have reduced activity.
inwardly rectifying K ϩ channels that, thus far, have four These mutant heteromultimers could either fail to be members in mammalian species (Dascal et al., 1993 ; activated by G ␤␥ , conduct ions poorly or not at all, or Kubo et al., 1993; Ashford et al., 1994 ; Lesage et al., be retained into intracellular compartments. Regardless 1994; Bond et al., 1995; Krapivinsky et al., 1995;  Tsaur of the mechanism underlying the reduction in current, et al., 1995) and a fifth member in Xenopus (Hedin et these mutant heteromultimers appear to be largely funcal., 1996) . GIRK1, GIRK2, and GIRK3 are expressed tionally quiescent, resulting in less basal and agonistmainly in the brain (Dascal et al., 1993; Kubo et al., 1993 ; induced K ϩ current. DePaoli et al., 1994; Karschin et al., 1994; Lesage et al., In oocytes coexpressing GIRK1 and high levels of 1994; Bond et al., 1995; Kobayashi et al., 1995;  Krapivin-GIRK2 wv, the predominate macroscopic current resky et al. , 1995) , whereas GIRK4 (also referred to as CIR corded appeared as a weakly rectifying, nonselective and rcKATP-1) appears to be expressed primarily in basal current with no agonist-induced current. The large heart but not in the brain (Ashford et al., 1994 ; Krapivinbasal current and lack of agonist-induced current of sky et al., 1995; Lesage et al., 1995) . Our experiments GIRK2 wv could reflect constitutive G protein activation indicate that the functional implications for neurons that of GIRK2 wv channels or might indicate that the G proexpress GIRK2 wv channels would depend on the abuntein-dependent properties of GIRK2 wv channels were dance of GIRK2 wv and other GIRK subunits during altered by the high expression levels. In any case, oodifferent stages of development. cytes began to die even in the presence of coexpressed
In neurons that express high levels of GIRK2 wv, the GIRK1 channels. By contrast, the coexpression of loss of K ϩ selectivity of the homomultimers and the large GIRK1 with intermediate levels of GIRK2 wv resulted in agonist-independent basal current could lead to chronic a reduction of Na ϩ currents in the absence (agonistdepolarization of the neuron and possibly cell death. independent basal current) or presence (agonistLower levels of GIRK2 wv channel expression, on the induced current) of carbachol. This decrease in Na ϩ other hand, might conceivably produce a smaller basal current is consistent with the conclusion that GIRK2 wv Na ϩ current, but would also result in inappropriate reand GIRK1 heteromultimeric channels form, but have ceptor-activated depolarization rather than hyperpolarimpaired function due to the wv mutation. Thus, under ization, thereby reversing the sign of the neurotransmitcertain conditions, expression of GIRK1 can ameliorate ter signal. In neurons that express both GIRK1, GIRK2, the negative effect of GIRK2 wv channels in oocytes.
and possibly other GIRK subunits, the wv mutation might impair the function of the heteromultimers. Thus, these neurons might sustain less basal Na ϩ current and recepwv Mutation in GIRK2 Alters Ionic Selectivity Numerous investigators have reported that mutations tor-activated Na ϩ current than neurons expressing only GIRK2 wv, or they might have reduced levels of K ϩ in the H5 region of voltage-gated K ϩ channels alter ionic selectivity (MacKinnon and Yellen, 1990 ; Hartmann et current through G protein-activated inwardly rectifying K ϩ channels. The suppression of wild-type GIRK cural., 1991; Yellen et al., 1991; Yool and Schwarz, 1991; Heginbotham et al., 1992 Heginbotham et al., , 1994 Kirsch et al., 1992) , rents could conceivably depolarize the membrane, similar to the effect of excitatory neurotransmitters that act indicating that this part of the channel constitutes part of the selectivity filter of the channel. We found that the on inward rectifiers in the brain (Yamaguchi et al., 1990; Takano et al., 1995) . The effects of an inappropriate glycine to serine (G156S) mutation in the H5 region of Experimental Procedures brief or sustained depolarized membrane potential on neuronal function, however, are difficult to predict be-
Molecular Biology and Oocyte Preparation
cause depolarization could lead to either activation or GIRK2 and GIRK2 wv cDNA sequences from nucleotides inactivation of voltage-gated channels depending on the (according to GenBank accession number U11859) were obtained extent and duration of depolarization.
from C57Bl/J6 5-day-old mice by reverse transcription-polymerase Our finding that the effect of the wv mutation on GIRK2 chain reaction (RT-PCR) (Stratagene) amplification and subcloned from BamHI (224) to SacII (1936) into Bluescript SKII (Stratagene).
channel function can vary depending on expression lev-⌬9-GIRK2 and ⌬9-GIRK2 wv constructs were digested with HpaI at els and relative abundance of GIRK2 and other GIRK the 5Ј end and subcloned (HpaI to SacII) into Bluescript SKII. HpaI proteins could potentially account for the varied effects digestion removes the 5Ј noncoding sequence plus 17 nucleotides of the wv mutation on different central neurons. In the into the coding region, making amino acid 10 the first methionine wv cerebellum, the granule cells do not differentiate or for translation. The mbGIRK2 construct in a high expression vector, provided by Lesage et al. (1994) , contains the 5Ј and 3Ј untranslated migrate from the EGL to their final position in the internal sequences for the Xenopus ␤-globin gene and a canonical Kozak granule cell layer (Rezai and Yoon, 1972; Rakic and Sid- sequence (Kozak, 1987) . Rat GIRK1 was used as previously deman, 1973c; Goldowitz, 1989; Smeyne and Goldowitz, scribed (Kubo et al., 1993) . In vitro methyl-capped cRNA was made 1989) and eventually undergo apoptotic cell death using T3 or T7 RNA polymerase (Stratagene), and the concentration (Smeyne and Goldowitz, 1989; Wood et al., 1993 ; Galli was estimated by formaldehyde gel. Low concentrations of cRNA Migheli et al., 1995 et al. (1995) recently reported that wv granule cell neulegends). In some experiments, GIRK channels were expressed with rons have a depolarized resting membrane potential.
␤1 ‫2ف(‬ ng) and ␥2 ‫2ف(‬ ng) cRNA G protein subunits (Reuveny et al., In contrast with the cerebellar granule cells, many 1994). Oocytes were incubated in ND96 for 3-8 days at 18ЊC.
neurons of the substantia nigra in the wv mouse appear to differentiate and innervate the striatum (Goldowitz Ghetti and Triarhou, 1992; Richter et al., 1992) , but then 7.4 with XOH or HCl for NMDG). We used 3 M carbachol (Sigma) proceed to die through a nonapoptotic mechanism (Oo to stimulate m2 muscarinic receptors. A small chamber (2 ϫ 15 mm) with fast perfusion was used to change the extracellular solutions et al., 1995, Soc. Neurosci., abstract). In the adult rat, and was connected to ground via a 3 M KCl agarose bridge. Junction GIRK2 but not GIRK1 protein is expressed at high levels potentials were measured for each external solution and differed in the substantia nigra (Y. J. L. et al., submitted), sugby no more than 8 mV. Currents were acquired (0.5-3.3 kHz) with gesting that GIRK2 homomultimers may exist in these an A/D interface (Axon TL-1), filtered at 1 kHz, and stored on a neurons. Based on the expression of GIRK2 wv in oolaboratory computer. For channels that rectify strongly, the leakage cytes, it is possible that dopaminergic neurons in the wv current was measured between 0 and ϩ10 mV, scaled appropriately, and subtracted from the current trace. To determine the relative substantia nigra display an aberrant receptor-activated permeability ratios, we measured the change in reversal potential suggesting that Ca 2ϩ homeostasis may be critical for and after exposure to the series of cationic solutions to monitor any determining vulnerability to cell death in these neurons drift in pipette potential. No adjustment for leakage current was made for GIRK2 wv currents because they did not rectify strongly. (Orrenius and Nicotera, 1994) .
Reversal potential measurements were corrected for junction potenOur studies on the effects of the wv mutation on GIRK2 tials. Oocytes that expressed currents that showed no rectification homomultimers and on GIRK1-GIRK2 heteromultimers were rejected from the analysis.
in Xenopus oocytes constitutes part of an initial assess-
All average values are shown ϮSEM. One-way analysis of variance ment of the impact of the wv mutation on channel func-(ANOVA) followed by Student-Newman-Kuels (SigmaStat) was used tion. It will be important to determine whether similar to test for significance (p < 0.05). All recordings were made at room temperature (22ЊC-25ЊC).
changes in GIRK currents occur in wv neurons. The range of effects of the wv mutation reported in this study
Western Blot Analysis
supports the hypothesis that this single amino acid subThree oocytes were washed and pelleted five times with 50 mM Tris stitution is responsible for the pleiotropic wv mutant (pH 8), 150 mM NaCl, 1 mM EDTA, and a protease inhibitor cocktail phenotype and serves to provide a framework for future (2 g/ml aprotinin A, 1 g/ml pepstatin, 1 g/ml leupeptin, 50 g/ ml pA-PMSF). The membranes were lysed in 2% SDS sample buffer in vivo studies.
